T he laboratory mouse is widely regarded as the model organism of choice for studying human pathology because of extensive documentation relating the similarities between human and mouse anatomy, physiology, and cell biology, as well as their genomes (1) . Several studies using mouse models have related human disease conditions to altered glycosylation (2) . For example, reduced glycosylation of glucose transporter-2 has been shown to impair glucose transport and insulin secretion, producing a condition in mice that is similar to type 2 diabetes in humans (3) . Mouse models have also revealed that dysfunctional protein O-GlcNAcylation may contribute to the pathology of Alzheimer's disease (4) .
Driven by such observations, researchers are increasingly interested in probing glycosylation, and more generally, carbohydrate metabolism, in mouse models. Toward this goal, Reutter and coworkers demonstrated that unnatural analogs of N-acetyl mannosamine that are modified at the N-acyl position can be used to probe terminal sialic acid residues within rodents (5) . As a means to monitor changes in glycosylation associated with the onset of disease, this approach was later extended to include metabolic labeling with unnatural sugars followed by chemical tagging with probes for fluorescence imaging or affinity capture (6) . The unnatural sugar must be outfitted with a bioorthogonal functional group, also termed a "chemical reporter," that possesses unique reactivity with a second functional group installed on the probe reagent (7) . The azide is well-suited as a chemical reporter because it adds a small structural perturbation to the underlying sugar, is essentially inert to the cellular environment, and has multiple modes of reactivity (8) . The Staudinger ligation, which capitalizes on the electrophilic character of the azide, chemoselectively forms an amide bond between azides and triarylphosphines (9) . This reaction has been employed to tag azidosugar-labeled glycoconjugates on cultured cells and in live mice (10, 11) .
Despite the utility of the Staudinger ligation, the phosphine reagents have certain liabilities. They are susceptible to oxidation by molecular oxygen, for example, which limits their shelf-life and may also provide a pathway for rapid liver metabolism (12) . Moreover, the Staudinger ligation has a relatively sluggish reaction rate, compromising its ability to monitor rapid biological processes in vivo (9) . In the context of mouse models, rapid kinetics are important so that the reaction can occur on a faster time scale than metabolic clearance of the probe.
For these reasons, we developed an alternative bioorthogonal reaction modeled on the Huisgen 1,3-dipolar cycloaddition of azides and alkynes, which forms triazole products (13) . Our modifications to the classic reaction included situation of the alkyne within a strained cyclooctyne ring (14) as well as the addition of propargylic fluorine atoms (15, 16) , two features that significantly accelerated the reaction rate. Another strategy for accelerating the reaction of azides and terminal alkynes involves the use of a Cu catalyst (17, 18) , now widely referred to as "click chemistry," but the toxicity of the metal precludes its use in the presence of live cells or organisms. Because cyclooctyne reagents react with azides at rates approaching that of the metal-catalyzed transformation, we refer to these cycloadditions with the term "Cu-free click chemistry." Various cyclooctyne reagents have recently been used to probe glycans on cultured cells (16, 19) and in developing zebrafish (20) , as well as protein and phospholipid dynamics in live cells (21, 22) .
Here, we evaluate Cu-free click chemistry for its performance in mice with the goal of identifying new reagents that are suitable for bioorthogonal ligations in vivo. We delivered azides to cell-surface sialoglycoconjugates by injecting mice with the metabolic precursor peracetylated N-azidoacetylmannosamine (Ac 4 ManNAz) (Fig. 1A) (11, 23) . We then labeled glycoconjugates bearing the corresponding azido sialic acid, SiaNAz, by covalent reaction in vivo with a panel of cyclooctyne-FLAG peptide conjugates (Fig. 1B) . The labeled biomolecules were probed by ex vivo analysis of cells and tissue lysates. The relative amounts of ligation products observed with different cyclooctynes suggest that both intrinsic reaction kinetics and other properties such as solubility and tissue access govern the efficiency of Cu-free click chemistry in mice. More broadly, Cu-free click chemistry appears to possess the requisite bioorthogonality to achieve specific biomolecule labeling in this important model organism.
Results and Discussion
Evaluation of Cyclooctyne Reagents on Cultured Cells. Prior to in vivo studies, we noted that our first-generation cyclooctyne, OCT (14) , has considerable hydrophobicity (LogS ¼ −5.49 * ) (24, 25) and accordingly poor water solubility, a property that might compromise its bioavailability. We therefore synthesized an aryl-less cyclooctyne (ALO) lacking the hydrophobic phenyl ring in its linker (15) as well as a highly water-soluble dimethoxy azacyclooctyne (DIMAC) (26) . DIMAC possesses a nitrogen atom within the strained ring system to interrupt the hydrophobic surface area as well as two methoxy groups to enhance the compound's polarity. We calculated LogS values * for ALO and DIMAC of −4.22 and −3.35, respectively (24, 25) .
To improve the intrinsic reactivity of the cyclooctynes with azides, we previously introduced fluorine atoms at the propargylic position, generating a monofluorinated cyclooctyne (MOFO) (15) and a difluorinated cyclooctyne (DIFO) (16) . Recent theoretical studies have attributed the enhanced reactivity of the fluorinated cyclooctynes in cycloadditions with azides to changes in distortion and interaction energies in the transition state of the reaction (27, 28) . The relative second-order rate constants of ALO, OCT, DIMAC, MOFO, and DIFO are approximately 1, 2, 3, 4, and 75, respectively, in model reactions (14) (15) (16) 26) . On this relative scale, the phosphine probe is comparable to OCT.
To facilitate detection of the ligation products, we conjugated a water-soluble FLAG peptide epitope tag (DYKDDDDK) to the cyclooctynes (Fig. 1B , synthesis described in SI Text). This was achieved by introducing a cysteine residue at the C-terminus of the FLAG peptide sequence that was then coupled to a cyclooctyne-maleimide derivative (SI Text).
We next tested the ability of the cyclooctyne-FLAG reagents to label SiaNAz residues within glycoconjugates on cultured cells. Jurkat T cells were incubated with or without Ac 4 ManNAz for 3 d. The cells were then treated with a cyclooctyne-FLAG probe or, as a positive control, with a previously described phosphine-FLAG peptide conjugate (PHOS-FLAG, Fig. 1B ) (29) . The cells were analyzed by flow cytometry using a fluorescein isothiocyanate (FITC)-labeled anti-FLAG antibody (FITCanti-FLAG) ( Fig. 2A ). All reagents labeled the cells in an azidedependent manner, with DIFO-FLAG generating the strongest signal. Thus, on cultured cells, the rank order of labeling efficiencies matched that of the reagents' intrinsic reactivities.
Comparison of Cyclooctyne and Phosphine Probes in Vivo. After confirming the reactivity of the panel of cyclooctynes on cultured cells, we tested whether the cyclooctyne-FLAG conjugates can react with cell-surface SiaNAz residues in vivo. B6D2F1 mice were administered Ac 4 ManNAz (300 mg∕kg in 70% aqueous DMSO) or vehicle once daily for 7 d in accord with our previous studies of ManNAz metabolism in vivo (11) . On day eight, the mice were injected i.p. with a cyclooctyne-FLAG reagent. After 3 h, the mice were euthanized, and the splenocytes were isolated and analyzed for the presence of cycloadducts by flow cytometry. Splenocytes were chosen for analysis based on our previous studies demonstrating the high incorporation levels of SiaNAz into these cells (11) . Interestingly, despite the ability of OCT-FLAG to label azides on cultured cells, splenocytes isolated from mice treated with Ac 4 ManNAz and OCT-FLAG (0.8 mmol∕kg or 1.6 mmol∕kg) did not show any detectable labeling in vivo ( Fig. 2B and SI Text). Subjecting the splenocytes to an additional reaction with the same OCT-FLAG probe ex vivo verified the presence of unreacted cell-surface azides (SI Text). The lack of splenocyte labeling by OCT-FLAG could reflect poor access to organs after i.p. injection, perhaps due to limited absorption from the peritoneal cavity into the blood stream. Therefore, we examined serum glycoproteins for the presence of cycloadducts by Western blotting with an anti-FLAG antibody (Fig. 3A) . No detectable signal was observed, suggesting that OCT-FLAG may not have entered the blood stream after i.p. administration. Alternatively, the compound may be sequestered by nonspecific interactions with serum components or cleared from the blood stream on a time scale that is faster than the rate of the covalent reaction.
Splenocytes from mice treated with both Ac 4 ManNAz and either ALO-FLAG or DIMAC-FLAG (both tested at doses of 0.8 mmol∕kg and 1.6 mmol∕kg) displayed a significant increase in fluorescence relative to those from vehicle mice, indicating that Cu-free click chemistry proceeds in vivo ( Fig. 2B and SI Text). These probes do not possess significantly faster intrinsic kinetics than OCT, yet they react to a greater extent on splenocytes, suggesting that their physical properties contribute to their in vivo reactivities. Mice were injected with either Ac 4 ManNAz (300 mg∕kg, i.p., Gray Bars) or vehicle (70% DMSO, White Bars) once daily for 7 d. On day 8, the mice were injected i.p. with various doses (as indicated) of either OCT-FLAG (OCT), ALO-FLAG (ALO), DIMAC-FLAG (DIMAC), MOFO-FLAG (MOFO), or DIFO-FLAG (DIFO). After 3 h, the mice were euthanized, and splenocytes were isolated, labeled with FITC-anti-FLAG, and analyzed by flow cytometry. Each point represents the average mean fluorescence intensity (MFI) value of three replicate samples from an individual mouse. Each bar represents the average MFI value of splenocytes isolated from separate mice (n ¼ 3-11). MFI is in arbitrary units (au). For all in vivo experiments, ex vivo reactions of isolated splenocytes with FLAG conjugates verified the presence of cell-surface azides for all of these probes (SI Text). ÃP < 0.02; Ã Ã P < 0.008. MOFO-FLAG and DIFO-FLAG are more intrinsically reactive than OCT but also less soluble in 70% DMSO, thus mandating the use of lower doses (0.8 mmol∕kg and 0.16 mmol∕kg, respectively) in the in vivo experiment. Splenocytes isolated from mice treated with both Ac 4 ManNAz and MOFO-FLAG did not show any significant labeling in vivo (Fig. 2B and SI Text) . We also examined serum glycoproteins for chemical modification with MOFO-FLAG; however, no labeling was observed (Fig. 3A) . By contrast, DIFO-FLAG produced significant splenocyte labeling in vivo compared to vehicle-treated mice, even at a dose that was 10-fold lower than the highest dose tested for other cyclooctynes (Fig. 2B and SI Text). The intrinsic kinetic advantage enjoyed by DIFO in vitro is thus reiterated in vivo, despite its poor solubility properties. We conclude from this comparative study that physical properties as well as inherent reactivities can both contribute to the efficiency of splenocyte labeling in mice.
Encouraged by these results, we sought to compare in vivo Cufree click chemistry using the best two reagents, DIMAC-FLAG and DIFO-FLAG, with the Staudinger ligation using PHOS-FLAG. In these experiments, mice were injected with either Ac 4 ManNAz or vehicle and then either DIMAC-FLAG, DIFO-FLAG, or PHOS-FLAG at the same dose. As shown in Fig. 4 , at the same concentrations, PHOS-FLAG (SI Text) produced more reaction products on splenocytes than either DIMAC-or DIFO-FLAG, despite the fact that the phosphine's in vitro reaction efficiency is comparable to DIMAC's and 10-fold lower than DIFO's ( Fig. 2A) .
These results may reflect differences in tissue access for the various reagents, a possibility that we addressed by Western blot analysis of serum and tissue lysates from mice treated with Ac 4 ManNAz or vehicle, followed by probe-FLAG conjugates. We observed detectable labeling of serum glycoproteins with all of the cyclooctynes except OCT-and MOFO-FLAG as discussed above (Fig. 3) . Thus, ALO-, DIMAC-, and DIFO-FLAG have some degree of access to the vasculature. From our panel of three isolated organs, we observed labeling with ALO-FLAG only in the intestines (Fig. 5A, overnight exposure) . With DIMAC-and DIFO-FLAG, labeling was observed in all of the organs harvested, with the strongest labeling in the intestines, followed by the heart and liver (Fig. 5B and C, 5 min and 1 h exposure, respectively). The relative intensity of glycoprotein labeling in the intestines may reflect this organ's proximity to the i.p. injection site. For comparative purposes we also probed the same organs for the presence of Staudinger ligation products derived from injected PHOS-FLAG. Again, we observed glycoprotein labeling in all of the organs harvested, with the strongest signal in samples from the intestines, followed by the heart and liver (Fig. 5D, 10 s exposure) . Thus, PHOS-FLAG appears to access the same organs as DIMAC-and DIFO-FLAG.
DIFO-FLAG Binds Mouse Serum Albumin with High Affinity. We noted that the Western blots of organ lysates (Fig. 5C ) and serum ( Fig. 3C ) from mice treated with vehicle followed by DIFO-FLAG showed a strongly labeled band with an apparent molecular weight around 65 kDa. A similar band, though much more faint, was observed in the Western blot of heart lysates from mice treated with vehicle followed by DIMAC-FLAG (Fig. 5B) . Thus, DIFO-FLAG and, to a lesser extent, DIMAC-FLAG seem to bind a ubiquitous species in an azide-independent manner. Mouse serum albumin (MSA), with a molecular weight of 68 kDa, was the most obvious candidate (30) . MSA is the most abundant serum protein and is known for its role as a carrier protein for small hydrophobic molecules (31) .
We tested the MSA-binding activity of DIFO-FLAG by immunoprecipitation of liver lysates derived from Ac 4 ManNAz or vehicle-treated mice using an anti-FLAG antibody or isotype control. Western blots of the captured glycoproteins probed using either an anti-FLAG (Fig. 6A) or anti-MSA (Fig. 6B) antibody confirmed that the species labeled with DIFO-FLAG in an azide-independent manner was indeed MSA. We also immunoprecipitated MSA from liver lysate samples from the same mice using an anti-MSA antibody or isotype control. Western blots of the captured proteins were probed using either an anti-FLAG (Fig. 6C) or anti-MSA antibody (Fig. 6D ) to verify that MSA was indeed modified by the FLAG epitope. It should be noted Fig. 4 . Comparison of Cu-free click chemistry and the Staudinger ligation for labeling splenocyte cell-surface azides in vivo. Mice were injected with Ac 4 ManNAz (300 mg∕kg, i.p., Gray Bars) or vehicle (70% DMSO, White Bars) once daily for 7 d. On day 8, the mice were injected with either (A) DIMAC-FLAG (DIMAC, 0.8 mmol∕kg, i.p.), (B) DIFO-FLAG (DIFO, 0.16 mmol∕kg, i.p.), or PHOS-FLAG (PHOS) at the same dose. Three h postinjection of the FLAG conjugates, the mice were euthanized, and the splenocytes were harvested, labeled with FITC-anti-FLAG, and analyzed by flow cytometry. Each point represents the average MFI value of three replicate samples from an individual mouse. Each bar represents the average MFI value of splenocytes isolated from separate mice (n ¼ 3-11). ÃP < 0.02; Ã Ã P < 0.008. Fig. 5 . Cu-free click chemistry and Staudinger ligation products are observed in a variety of tissues in vivo. Mice were injected with Ac 4 ManNAz (300 mg∕kg, i.p., þAz) or vehicle (70% DMSO,−Az) once daily for 7 d. On day 8, the mice were injected with either (A) ALO-FLAG (0.8 mmol∕kg, i.p.), blot was exposed overnight; (B) DIMAC-FLAG (0.8 mmol∕kg, i.p.), blot was exposed for 5 min; (C) DIFO-FLAG (0.16 mmol∕kg, i.p.), blot was exposed for 1 h; or (D) PHOS-FLAG (0.8 mmol∕kg, i.p.), blot was exposed for 10 s. Three h postinjection of the FLAG conjugates, the mice were euthanized, and organs (liver, heart, and intestines) were harvested and homogenized. The organ lysates were analyzed by Western blot probing with HRP-anti-FLAG. Each lane represents organ lysate from a single representative mouse.
that the Western blots in Fig. 6 reflect samples that were exposed to both 1 M urea and β-mercaptoethanol and were boiled for 10 min before being run on a reducing, denaturing gel. The persistence of MSA labeling after these treatments suggests that the interaction might be covalent. MSA has two free cysteine residues that are subject to covalent modification by other metabolites (32) . It is possible that nonspecific binding to the DIFO core, a highly hydrophobic moiety, facilitates covalent interactions with cysteine or other nucleophilic residues.
Conclusion
Cu-free click chemistry has been previously used to monitor azidosugars (16, 33) , proteins bearing azido amino acids (34, 35) , lipids (22) , and site-specifically labeled proteins (21) in live cells.
In this paper, we demonstrated that Cu-free click chemistry using a variety of cyclooctyne probes can be employed to label azidosugars in the physiologically relevant context of a mouse. Cyclooctynes thereby join the ranks of a privileged few reagents that possess the requisite bioorthogonality to find their covalent reaction partners in animals. Most of these reagents, however, require noncovalent complexation with an enzyme target to deliver a covalent warhead to a nucleophilic residue nearby (36, 37) . Only the Staudinger ligation and Cu-free click chemistry reagents possess sufficient bioorthogonality for direct covalent labeling of their targets in vivo. The ability to perform these chemical reactions in living animals could enable therapeutic targeting or molecular imaging of changes in metabolism in mouse models of human disease.
Among the cyclooctynes tested, DIFO-FLAG, which possesses the best intrinsic reactivity with azides, was the most efficient reagent for labeling serum or tissue-resident glycoproteins. DIMAC-and ALO-FLAG also afforded detectable labeling, though at a lower level. Their advantage over OCT-and MOFO-FLAG may reflect their superior water solubility. It should be noted, however, that PHOS-FLAG, a reagent with lower inherent reactivity than DIFO, gave the most robust labeling of splenocytes after the 3 h in vivo reaction. DIFO's bioavailability may be compromised by significant binding to serum albumin. Thus, optimization of bioorthogonal reagents for in vivo applications may require both consideration of their intrinsic reactivities as well as their pharmacokinetic properties.
Analysis of the detailed biodistributions and serum residence times of the above reagents will be an interesting extension of this work. Moreover, pathways of metabolic clearance will be important to characterize in the design of optimal bioorthogonal reagents. Literature precedents suggest that phosphines (12) and terminal alkynes (38) can be metabolized in the liver by cytochrome P450 enzymes. Internal alkynes also may be oxidized by P450 enzymes, though their routes of metabolism are less well characterized (39) . The metabolism of cyclooctynes has not been explored, offering another interesting future direction.
Materials and Methods
Chemical Synthesis. Details describing the synthesis and characterization of all compounds can be found in SI Text.
Cell Culture. Jurkat (human T cell lymphoma) cells and isolated splenocytes were maintained in a 5% CO 2 , water-saturated atmosphere and grown in RPMI media 1640 supplemented with 10% FBS, penicillin (100 units∕ml), and streptomycin (0.1 mg∕ml). Cell densities were maintained between 1 × 10 5 and 2 × 10 6 cells per ml.
Labeling of Cultured Cells with FLAG Conjugates and Flow Cytometry Analysis. Metabolic labeling of Jurkat cells with Ac 4 ManNAz and chemical labeling using FLAG conjugates were performed essentially as previously described (11) . Details can be found in SI Text.
Mice. Wild-type B6D2F1 mice (aged 5-8 wk) were purchased from The Jackson Laboratory or Charles River Laboratories. Animals were handled in accordance with Animal Use Protocol R234-0609B (approved by the Animal Care and Use Committee at the University of California, Berkeley). Splenocyte Analysis After Cu-Free Click Chemistry in Vivo. Splenocytes from mice treated first with Ac 4 ManNAz or vehicle followed by the appropriate FLAG conjugate were isolated and probed for the presence of cell-surface FLAG epitopes using a previously reported protocol (11) . Briefly, isolated splenocytes were incubated directly with FITC-anti-FLAG in labeling buffer (PBS þ 1%FBS, 1∶900 dilution from Sigma stock) for 30 min on ice. The cells were then washed once with labeling buffer and analyzed by flow cytometry.
Labeling of Splenocyte Cell-Surface Azides ex Vivo. Splenocytes isolated as described above were further reacted ex vivo with OCT-FLAG, ALO-FLAG, MOFO-FLAG, or PHOS-FLAG to probe for the presence of unreacted azides. Briefly, splenocytes were incubated with either PHOS-FLAG or one of the cyclooctyne-FLAG conjugates (250 μM) for 1 h at room temperature in labeling buffer. The cells were then rinsed three times with labeling buffer, treated with FITC-anti-FLAG for 30 min on ice, rinsed with labeling buffer once, and analyzed by flow cytometry.
Western Blot Analysis of Serum Glycoproteins. Whole blood was collected from anesthetized mice injected first with either Ac 4 ManNAz or vehicle and then PHOS-FLAG or a cyclooctyne-FLAG conjugate by cardiac puncture from the closed thorax. The samples were allowed to clot, and the serum was then isolated by removal of the agglutinated red blood cells and leukocytes. The samples were then centrifuged (13500 × g for 10 min) to remove residual cell debris, and the supernatant was collected and diluted with lysis buffer (150 mM NaCl, 1.0% NP-40, 20 mM Tris-HCl, 1 mM EDTA, pH 7.4) containing protease inhibitors (Complete, Roche). Protein concentrations were determined using the DC protein assay kit (BioRad). The samples (50 μg of protein per lane) were analyzed by Western blot, probing with a horseradish Fig. 6 . DIFO-FLAG binds mouse serum albumin (MSA). Liver lysates from mice injected with Ac 4 ManNAz (300 mg∕kg, i.p., þAz) or vehicle (70% DMSO,−Az) once daily for 7 d, followed by one bolus of DIFO-FLAG (0.16 mmol∕kg, i.p.) on day 8, were immunoprecipitated with (A-B) an anti-FLAG antibody (FLAG) or an isotype control (iso), or (C-D) an anti-MSA antibody (MSA) or an isotype control (iso). The samples were analyzed by Western blot probing for (A) and (C) FLAG or (B) and (D) MSA.
peroxidase-anti-FLAG antibody conjugate (HRP-anti-FLAG) as previously described (11) .
Lysis of Murine Organs and Western Blot Analysis. Organs (liver, heart, and intestines) harvested from mice injected first with either Ac 4 ManNAz or vehicle and then PHOS-FLAG or a cyclooctyne-FLAG conjugate were rinsed with cold PBS and minced. The organs were then transferred into 1.5 ml of lysis buffer (150 mM NaCl, 1.0% NP-40, 20 mM Tris-HCl, 1 mM EDTA, pH 7.4) containing protease inhibitors (Complete, Roche) and homogenized using a Dounce homogenizer. The lysates were centrifuged (13500 × g for 10 min) to remove cell debris, and the supernatant was collected. Protein concentrations were determined using the DC protein assay kit (BioRad). The samples (100 μg of protein per lane) were analyzed by Western blot, probing with HRPanti-FLAG as previously described (11) .
Immunoprecipitation of FLAG-Labeled Liver Lysates to Probe for MSA. Liver lysate (10 mg of protein) from mice treated with either Ac 4 ManNAz or vehicle and subsequently injected with DIFO-FLAG were prepared as described above and incubated with 60 μg of M2 anti-FLAG antibody (Sigma) or isotype control (mouse IgG1 isotype, Sigma) in 10 ml of lysis buffer containing protease inhibitorx (Complete, Roche) at 4°C with rotation overnight. Ultralink Immobilized Protein A/G (60 μl, Pierce) was added, and the sample was rotated for 2 h at room temperature. At this point, the resin was pelleted by centrifugation (1000 × g for 1 min), and the supernatant was discarded. Wash buffer A (750 μl of 50 mM Tris, 300 mM NaCl, 1% Triton X-100, pH 7.4) was added. The sample was pelleted on a benchtop microfuge and the supernatant was discarded. A second wash with 750 μl of wash buffer A was performed, followed by two washes of 750 μl each with wash buffer B (50 mM Tris, 1.3 M NaCl, 1% Triton X-100, pH 7.4), and wash buffer C (50 mM Tris, 1.3 M NaCl, 1 M urea, 1% Triton X-100, pH 7.4). The beads were then diluted with 1X SDS gel loading buffer (BioRad) containing β-mercaptoethanol, boiled for 10 min, and analyzed by Western blot, using HRP-anti-FLAG (1∶1000 dilution from Sigma stock) to probe for FLAG (1∕5 of the total elution) or goat anti-MSA (affinity-purified polyclonal, 1∶5000 dilution from Bethyl Laboratories stock), followed by donkey anti-goat-HRP (1∶5000 dilution from Santa Cruz Biotechnology stock) to probe for MSA (4∕5 of the total elution).
Immunoprecipitation of MSA from Liver Lysates to Probe for the FLAG Epitope. MSA was immunoprecipitated as previously described (32) . Briefly, liver lysate (10 mg of protein) from mice treated with either Ac 4 ManNAz or vehicle and subsequently injected with DIFO-FLAG were prepared as described above. The samples were precleared with Ultralink Immobilized Protein A/G (50 μl, Pierce) by rotation for 1 h at 4°C in 10 ml of 50 mM sodium phosphate, pH 7.4 (immunoprecipitation buffer), followed by centrifugation to pellet the beads (3700 × g for 5 min) and collection of the supernatant. In separate tubes, anti-MSA or an isotype control antibody (goat anti-mouse IgG) (15 μg) was bound to a separate sample of Ultralink Immobilized Protein A/G (50 μl) by rotation for 1 h at 4°C in 10 ml of immunoprecipitation buffer. The antibody-bound beads were rinsed once with 5 ml of immunoprecipitation buffer, and the precleared lysate was added to the antibody-bound beads and rotated overnight at 4°C. Then the beads were pelleted (3700 × g for 5 min), rinsed 3 times with 1 ml of immunoprecipitation buffer, and eluted by boiling for 10 min in 1X SDS gel loading buffer (BioRad). One quarter of the sample was analyzed by Western blot, probing with goat anti-MSA (affinity-purified polyclonal, 1∶5000 dilution from Bethyl Laboratories stock) followed by donkey anti-goat-HRP (1∶5000 dilution of from Santa Cruz Biotechnology stock), and the remainder of the elution was analyzed by Western blot, probing with HRP-anti-FLAG (1∶1000 dilution from Sigma stock).
